Abstract: Extrusion compounding and injection molding processes are frequently employed to fabricate short-fiberreinforced polymers. During extrusion compounding and injection molding processing, considerable shear-induced fiber breakage takes place and results in a fiber length distribution (FLD) in final short-fiber-reinforced polymer (SFRP) composites. Also, during compounding and molding processing, progressive and continuous changes in fiber orientation occur and lead to a fiber orientation distribution (FOD) in final composites. Both FLD and FOD are governed by a number of design and fabrication factors including original fiber length, fiber content, mold geometry and processing conditions. The mechanical properties such as strength, stiffness and fracture toughness or specific work of fracture (WOF) of SFRP composites have been shown to depend critically on FLD and FOD. The present paper reviews previous research work on the effects of design/fabrication factors on FLD and FOD and the effects of FLD and FOD on the strength, stiffness and toughness or WOF of SFRP composites. Conclusions which can be drawn from the literature are presented with discussions of areas in which further research is required .
INTRODUCTION
Short-fiber-reinforced polymer (SFRP) composites have found extensive applications in automobiles, business machines, durable consumer items, sporting goods and electrical industries etc. owing to their low cost and easy processing, and their superior mechanical properties over corresponding polymers. Extrusion compounding and injection molding processes are frequently employed to make SFRP composites . The use of these conventional fabrication techniques to produce large-scale SFRP composite parts makes the manufacturing of these composites efficient and inexpensive compared with manufacturing of continuous-fiber composites, which are produced by time-consuming processes, rendering them unsuitable for high volume production. In injection molded SFRP composite parts, there are generally a fiber length distribution (FLD) and a fiber orientation distribution (FOD). FLD and FOD are governed by fiber length, fiber content, mold geometry and processing conditions [7-12, 17, 19-34] . Addition of short fibers to a polymer matrix generally leads to composites that show significant improvements in strength and stiffness [1, 3-5, 7-11, 18, 21, 32, 35] . However, fracture toughness or specific work of fracture (WOF) may either be enhanced [11, 18, 36, 37] or be reduced [6, 37, 38] . The strength, stiffness and fracture toughness or WOF of short fiber composites have been shown to depend critically on FLD and FOD [3, 6, 8, 37, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] .
In this review the effects of design/fabrication factors on FLD and FOD are addressed briefly and the effects of FLD and FOD on the strength, stiffness and toughness or WOF of SFRP composites are discussed to a relatively detailed extent. Conclusions are presented with areas in which further research is required.
EFFECTS OF THE DESIGN/FABRICATION FACTORS ON FLD AND FOD

Fiber Length Distribution (FLD)
An extensive research effort has been conducted to evaluate fiber breakage during processing. A number of techniques have been developed for investigating fiber length degradation in compounded and molded materials [5, 6, 9, 11, 14, 19, 23, 24, 28, 29, 32, 55, 56] . In all the techniques employed, fibers must be separated from the polymer matrix. The polymer matrix may be removed by burning off in an oven [5, 6, 9, 11, 19, 23, 28, 29, 55, 56] or by dissolving the polymer in an appropriate solvent [14, 24, 32] . It has been shown that fiber breakage in processing of reinforced thermoplastics results from fiberpolymer interaction, fiber-fiber interaction, and fiber contact with surfaces of processing equipments [24] . The FLD in final SFRP composites depends on a number of design/fabrication factors including original fiber length, fiber content, mold geometry and processing conditions.
The influence of the design and fabrication factors on fiber length is presented in Table 1 . Compounding accomplished under conditions of low screw speeds and relatively high barrel temperatures minimized fiber breakage [14, 22] . During compounding process lower mixing times leaded to a less damage to fiber length [15, 23] . Damage to fibers is a cumulative result of compounding and injection molding. The fiber attrition was observed to be more severe in the injection-molding machine [14, 27] . In order to preserve fiber aspect ratio in final molded articles, this generally embraces the use of low injection speed and back pressure, and generous gate and runner dimensions [16, 17, 31] . Moreover, back pressure was shown to have a more dramatic effect upon fiber length than does injection speed. The increasing injection speed shear component progressively reduces the maximum length retained. In addition to the dependence of fiber breakage on processing, the final fiber length in SFRP composites also depends on fiber content and original fiber length. It was generally observed that the mean fiber length decreases with the increase of fiber volume fraction [7-12, 20, 21, 23] , owing to the increased fiber-fiber interaction and fiberequipment wall contact. It is noticed that longer original glass fibers led to longer fibers in final parts for injection molded SGF/polyamide 6, 6 composites [19] . In another study, the initial fiber length was observed to have little effect on the final fiber length [24] . This may be because the difference in final fiber lengths caused by original fiber length and possible experimental errors are of the same order of magnitude owing to a small difference in initial fiber lengths in this case. Besides, reprocessing of SFRP would further reduce fiber length [57, 58] . Table 1 . Influence of design/fabrication factors on final fiber length in SFRP composites.
The fiber length distribution in injection molded polymer composites has an asymmetric character with a tail at the long fiber end [8, 18, 28, 59 ]. It can be described with a probability density function, f(L), which is defined so that f(L)dL and F(L) are the probability density that the length of a fiber is between L and L+dL and the probability that the length of a fiber is less than L, respectively. Then the relationship of f(L) and F(L) is
Fiber Orientation Distribution (FOD)
Injection molded composites may show a preferential fiber alignment along polymer flow direction or a layered structure with distinct fiber alignments in different layers, which depends on mold geometry employed. Different fiber alignments in composites lead to different FOD.
For dumbbell-shaped SFRP composites, it was shown that fibers align preferentially along the flow direction [1, 2, 5, 6, 10, 25] . The number of fibers which were orientated along the flow direction increases as fiber content increases, possibly owing to the generation of higher shear stresses along the flow direction [10] . Moreover, the orientation of fibers depends upon their lengths [25] . Table 2 . Influence of some processing variables on the relative dimensions of microstructural regions [30, 33, 34] .
The fiber orientation in plaque-shaped parts was studied theoretically and experimentally and a skin-core layer structure was recognized [7, 29, 31, 32, 36, 37, 46, 59] . In the skin layer the fibers align preferentially along the flow direction; in the core layer the fibers align transverse to the flow direction. Usage of low mold temperature can lead to a comparatively large skin thickness [32] . The FOD in injection molded short-carbon fiber-reinforced composite plaques was shown to be strongly influenced by fiber content [29] . At high fiber contents fiber-fiber interaction plays an important role as a factor affecting the angular distribution. As the fiber content increases, the skin-core structure gradually disappeared [7] . and fibers and the fiber radius, respectively. If the fiber length is not uniform, Eqs. (11) and (12) (14) where ƒÊ is the snubbing friction coefficient between fiber and matrix at the crossing point when a fiber is pulled out obliquely [62, 63] . A is a constant for a given system. LcƒAE is the critical length of oblique fibers: Besides the above two limiting cases, another important case is the general one of partially aligned short-fiber composite. Takao et al. [72] presented an analysis of the effective longitudinal Young's modulus of composites containing misoriented short-fibers based on Eshelby's equivalent inclusion method [73] and the average induced strain approach of Taya and Chou [74] . Based again on Eshelby's equivalent inclusion method, Chang and Cheng [75] formulated the elastic modulus of composites reinforced with short-coated fibers whose orientations and aspect ratios are varied. Although Fukuda and Kawata [76] developed a theory for the elastic modulus of short-fiber composites with variable fiber length and orientation, there was a mistake in the calculation of the force sustained by the fibers across the scan line. This mistake was corrected by Jayaraman and Kortschot and the corrected version was called paper physics approach (PPA) [77] , and the elastic modulus of short fiber composites can be expressed as follows:
where Ef and Em are the Young's moduli of fibers and matrix, respectively. k1 and k2 are respectively the fiber length and orientation factors for the composite elastic modulus and their expressions are given as follows: increases with the mean fiber length. However, when the mean fiber length is large (e.g.>1.0mm and the aspect ratio is>100), the mean fiber length has nearly no influence on the composite elastic modulus {44}.
The predicted results of the composite elastic modulus as a function of mean fiber orientation angle (p=0.6 and various q) is shown in Fig. 8 for various Vf, where Lmean= 3.198mm (a=0.15 and b=1.5) and other parameters are the same as in Fig. 7 . Figure 8 shows that both the fiber volume fraction and the mean fiber orientation angle have a significant influence on the elastic modulus of SFRP composites. Higher fiber volume fraction leads to higher elastic modulus. The composite elastic modulus decreases slowly with the increase of mean fiber orientation angle when the fiber volume fraction is small (e.g. Vf=0.1) while decreases dramatically with the increase of mean fiber orientation angle when Vf is large (e.g.=50%). Recently, theoretical studies on the elastic anisotropy of short-fiber composites are receiving an increasing interest [80] [81] [82] [83] [84] . Warner and Stobbs [80] proposed a continuum mechanics model based on the Eshelby method [73] to predict the variation of the elastic modulus of short-fiber composites with loading direction. They studied the model system consisting of a finite volume fraction of fibers, which are all of the same aspect ratio and at the same direction. Dyer et al [81] used again the Eshelby method to develop another theoretical method to calculate bounds on the elastic constants for unidirectional fiber-reinforced composites by considering the fibers and the matrix both show transverse isotropy. Sayers [82] carried out a theoretical analysis on the elastic anisotropy of short-fiber-reinforced composites with fibers of the same length by examining the sensitivity of the elastic stiffness tensor to the fiber orientation. Pan [83] presented a statistical analysis to characterize the modulus anisotropy of short-fiber composites and studied the effect of the fiber volume fraction on the anisotropy of the elastic modulus by considering one planar and harmonic fiber orientation distribution. Dunn et al. [84] proposed a relatively simple micromechanics model to the composite thickness due to the presence of fibers. C is a constant related to the energy absorbing mechanisms. The failure mechanisms can be classified into the three terms: (1) those related to matrix only, including matrix plastic deformation and matrix fracture, (2) those related to fiber only, including fiber plastic deformation and fiber fracture and (3) the interface-related mechanisms including fiber-matrix interfacial debonding, post-debonding friction and fiber pull-out. The total WOF of the composite can then be described as [6, 53, 86, 88] where Rm is the matrix fracture work caused by the matrix-related mechanisms only in the presence of fibers. Vfj is the subfraction of the fibers which are active in only the fiber-related failure mechanisms and Rfj is the fracture work associated with fiber plastic deformation and fracture. c0 is the size of damage zone which corresponds to a critical distance from the tip of the main crack where the local stress is just sufficient to initiate an interface crack. Rd, Rdf and Rpo are respectively the interfacial debonding energy, the post-debonding friction energy and the fiber pull-out energy. Formulae of Rd and Rdf have been given for unidirectional short fiber composites [84] . For a SFRP composite with a FLD and a FOD, the fiber pull-out energy has been studied in detail [42] .
However, the fracture toughness or WOF of SFRP composites is a difficult quantity to predict. When polymer matrices are brittle or in a brittle condition, the addition of short fibers to polymers would result in an increase in the fracture toughness or the WOF. On the contrary, an opposite tendency may occur for the matrices which behave in a highly ductile manner. This is because the fracture behavior of the matrix would be very different between before and after adding short fibers to the matrix. Therefore, unlike in predicting composite tensile strength in which the matrix strength can be used, the matrix fracture toughness may be significantly reduced by incorporating short fibers. The influence of the fiber-matrix interface on the fracture toughness or WOF of short fiber composites is a complicated problem. Friedrich [37] observed that the better fiber-matrix bonding quality led to the higher composite fracture toughness for short-glass-fiber-reinforced polyethylene terephthalate composites. On the other hand, a weaker interface between carbon fibers and epoxy matrix resulted in a higher composite fracture work [90] . Moreover, no influence of the interface on the notched Izod impact strength (here it is called the fracture work) was noticed although the authors did not mention this fact [10] . 4 . CONCLUDING REMARKS From this review, it is clear how the design/fabrication factors influence FLD and FOD and how FLD and FOD affect the strength and stiffness of SFRP composites. However, the combined effects of the design/fabrication factors have not yet been studied systematically. Also, there has not been a toughness theory suitable for predicting the toughness of SFRP composites by taking into consideration the effects of FLD and FOD. In the total WOF theory, formulae of Rm, Rd, Rdf and Rfj have not been given for a general case with an FLD and an FOD. Some recommendations can be made on the specific areas in which further research is required. 1. Much work needs to be done on the combined effects of the design/fabrication factors on FLD and FOD. 2. Development of a generalized toughness theory considering the effects of FLD and FOD is necessary for evaluating the toughness of SFRP composites. 3. The relationship of Rm and Rfj with FLD and FOD needs to be established. 4. Generalized formulae for Rd and Rdf taking into consideration the effects of FLD and FOD need to be proposed.
